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Analyzing Ultrastructural characteristics of Post-synaptic targets of pre-identified 
Presynaptic Boutons in layer 3 and layer 4 of the Ferret Primary Visual cortex 
 Abstract:  
 
 The purpose of this study was to analyze the size and ultrastructural characteristics of post-
synaptic elements apposed to previously characterized pre-synaptic elements in layers 3 and 4 of 
the primary visual cortex (PVC). We are aiming to quantify a range of values for synaptic element 
morphologies as well as to correlate pre- and post-synaptic elements to find a set of rules that is 
prevalent in the visual cortex that can also be upheld in other mammals. We hypothesize that bigger 
pre-synaptic elements correlate to bigger synapses and bigger post-synaptic elements. We 
compared these two different layers because they receive synaptic inputs from different sources. 
Layer 4 is known to receive feedforward inputs from the thalamus, while layer 3 receives input 
from layer 4 as well as feedback inputs from higher cortical areas. We also analyzed the upper and 
lower regions of layer 4 independently because they receive different thalamic inputs. We used 
focused ion beam and scanning electron microscopy (FIB/SEM) to acquire and then analyze 
images of layer 3 and upper and lower layer 4 of the ferret primary visual cortex. In both layers 
there were more excitatory synapses on dendritic spines than on dendritic shafts. Presynaptic 
bouton volumes were much larger than their apposed post-synaptic targets in both layers. Layer 4 
had the largest bouton volumes (specifically lower L4), presumably reflecting the large thalamic 
input to layer 4. Layer 3 had the largest post-synaptic targets. Synapse volumes (post-synaptic 
density) were similar in both layers but synapse surface area was bigger in layer 3. Bigger 
presynaptic boutons did not make bigger synapses (PSD); there was no correlation between pre-
synaptic bouton size and PSD size. Larger pre-synaptic bouton volumes did not correlate with 
larger post-synaptic target volume or average cross-sectional area. Lastly, synapses in layer 3 
occupied more surface area on post-synaptic targets than synapses in layer 4. Overall, these results 
suggest that morphological characteristics of elements in the PVC do not correlate with each other 
as well as there are differences between physical characteristics in layers of the same visual area. 
 
Introduction: 
The Primary Visual Cortex & Layers 
 
In order to study the layers and connectivity of the primary visual cortex, it is first 
important to understand the area as a whole. The primary visual cortex of the brain processes 
visual information from the retina. It is divided into six different layers. The primary visual 
cortex also known as area 17 of the brain or V1 is located on the medial surface of the occipital 
lobe in humans, a small portion extends around the posterior pole onto the lateral surface. In our 
species of interest, the ferret, most of the PVC is located on the lateral surface of the brain. It is 
also referred to as the striate cortex because of a white myelinated fiber layer on the nerves of the 
retina (Remington, 2012). V1 is the first part of visual cortex that receives visual signals from the 
LGN (lateral geniculate nucleus) located in the thalamus via a pathway called the optic radiation. 
V1 mainly functions to process visual characteristics of form, color, and motion before sending 
the signals to higher areas (such as area V4) that process other parameters such as direction and 
speed (Remington, 2012).  
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Figure 1 shows the location of the primary visual cortex in the ferret brain. The primary 
visual cortex consists of six layers. We mainly focus on layers 3 and 4 because layer 4 is the 
main input for axons that come from the LGN and is the main entry of visual sensory 
information to the cortex (Zhuang et al., 2013). Layer 3 receives signals from both the LGN and 
layer 4 (Clemens et al., 2012) as well as feedback signals from higher areas such as area 18 or 
V2. Figure 2, Panel A shows a Nissl stain of the layers in the primary visual cortex in a different 
species, the macaque monkey. There is a variation of cell numbers in different layers, layer 4C 
seems to be more densely populated in cell bodies than layer 3. Panel B shows the six layers of 
primary visual cortex in the adult ferret. The images show a marker for VGluT2 which works as 
a transporter to transfer cytoplasmic glutamate into vesicles (Nahmani and Erisir, 2005). vGlut2 
is located in the presynaptic axon terminals from the thalamus which sends signals to layer 4 of 
the PVC. Therefore, panel B is showing the input of pre-synaptic thalamic terminals in layer 4.  
      
Figure 1: Images of the ferret(A) and human brain (B). The grey and red arrows point towards the primary visual cortex located 
on the lateral and medial surfaces of the posterior occipital lobe respectively. (A) shows area 17 in the ferret brain A: anterior D: 
dorsal (B) shows the visual pathways from the retina to area V1 through the optic radiation. Images from (Cantone et al., 2005) 
and Schmoleksy, 2005 adapted from Polyak , 1957   
    
Figure 2: Images of the layers in PVC. (A) Nissl stain of the Macaque monkey. (B) VGluT2-ir stain of the PVC in adult ferret 
(Nahmani and Erisir, 2005) and (Schmolesky, 2005).  
The Visual System: 
 
Since we are studying synapses in different layers in the PVC, it is important to know the 
source of these synapses. The visual system is a network of interconnecting neurons between 
multiple areas of the brain. The visual pathway begins when information travels as nerve 





A receptive field in the retina is a region in which light stimuli can influence the electrical 
activity of sensory neurons. Once evoked the signal then passes through the optic nerve until it is 
transmitted to the visual cortex via the LGN in the thalamus. The first layer to receive these 
signals in the primary visual cortex is layer 4 which in return relays signals to other layers that 
send signals to other areas of the visual cortex. The visual system of mammals is a hierarchical 
model, meaning that one area of the hierarchy is made through combining inputs from lower 
areas (Felleman and Van Essen, 1991). Areas are activated through neurons when their preferred 
stimulus is evident in their corresponding receptive fields (Hubel and Wiesel, 1962). Figure 3 
shows a schematic of the distribution from the retina to V1 then to other areas of visual cortex as 
well as shows the order in which signals are relayed starting from V1 to IT and the features that 
each area is known to define. Through feedforward and feedback mechanisms, cortical areas can 
send signals from and to certain layers in the same or different areas and therefore, communicate. 
For example, layer 4 axons obtain a feedforward mechanism from axons in the LGN and axons 
in the same cortical area. Layers 2/3 receive signals from both the LGN and layer 4 (Clemens et 
al., 2012) as well as feedback signals from higher areas such as area 18 or V2. Also, in V1 as 
well as other areas feed forward signals are known to mainly terminate in the layer 4 while 
feedback signals are known to mainly terminate outside of layer 4 (Rockland and Virga, 1989). 
Figure 4 is a schematic of feedforward and feedback signals of layers and areas that are used in 
the visual cortex. In summary, the physiological aspect of the hierarchy is that higher levels can 
perceive more complex features than lower levels with the lowest level being V1 or area 17. The 
anatomical aspect correlates to feedback and feedforward mechanisms from one layer of a 
certain area to another layer of a different area.  
 
           
Figure 3: Schematic of the hierarchal distribution of the visual system. The left side is an image that showed the pathway of the 
system which starts from the retina to the LGN then to areas v1, v2, v4 and IT. The right side shows which features each cortical 
area codes for starting with the lower level area V1 at the bottom. Image adapted from Manassi et al., 2013 
 
                       
Figure 4: Schematic of feedforward and feedback pathways in layers of the primary visual cortex among visual cortical areas. 
Adapted from Arall et al., 2012. 
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Synapses in the Visual System: 
                   
While we now understand the patterns in which signals are relayed in the visual system, it 
is also important to understand how signals are relayed. These connections among visual areas 
are mediated primarily by standard chemical synapses. In these chemical synapses, a presynaptic 
nerve cell sends a signal to a post synaptic nerve cell via neurotransmitters that are packaged into 
vesicles. A pre-synaptic neurotransmitter release is mediated by the Ca2+ triggered fusion of 
synaptic vesicles with the presynaptic plasma membrane at the active zone (Sudhof et al, 2008). 
Pre-synaptic excitatory synapses mainly occur on the post-synaptic dendritic regions of the 
neuron. These targets can be dendritic spines that cover the dendritic tree of most neurons and 
are seen as small protrusions from dendritic shafts (Garcia-Lopez et al., 2007). The main 
difference between a spine and a shaft is that dendritic shafts often contain mitochondria while 
spines do not. The post synaptic spine or shaft has receptors that on binding the neurotransmitter 
open ion channels to allow transmembrane flow of ions to depolarize or hyperpolarize the cell. 
Depolarization and hyperpolarization of the target can either excite or inhibit an action potential 
respectively to relay the signal to another cell. 
 
Presynaptic neurons can make multiple synapses not only at their axon terminal region 
but also along the axon at places known as boutons which are noticed as swellings along the 
axon and are filled with vesicles that often appear as a dense shaded area or several small sacs in 
electron microscopy images (Lu and Lin, 1993). A vesicle cloud is a large quantity of vesicles 
packaged with neurotransmitters. These vesicles are noticed along the cleft membrane and can 
distinguish a presynaptic bouton from a post synaptic target since targets do not have vesicle 
clouds. Boutons are often associated with multiple synapses (Anderson et al., 1998), we focused 
on pre-identified boutons that have previously been analyzed to see if there are also different 
types of post-synaptic targets apposed to these different types of boutons. 
 
Focused Ion Beam & Scanning Electron Microscopy (FIB/SEM): 
 
In order to study these presynaptic boutons and their dendritic targets, we used focused 
ion beam and scanning electron microscopy (FIB/SEM) for two main reasons. The first is being 
able to get a clear enough resolution of these nanometer characteristics of and in the neuron. 
Since we were measuring very small structures, we needed to be very precise in order to 
calculate measurements of volume and surface areas. The second reason is to achieve precise 
cuts of the tissue that are the same thickness which can then be precisely aligned to make a stack. 
FIB/SEM is able to achieve this through a technique that allows a focused gallium ion beam to 
remove material from the surface of an object on a nanometer scale and then takes a sequence of 
images (2-D) with a high-resolution emission SEM column which can then be aligned to 
segment (Merchán-Pérez et al, 2009). We can then later generate a 3-D reconstruction of 
individual ultrastructural characteristics (mitochondria, vesicles, etc.). 3-D models are made 
through tracing 2-D sections throughout a segmentation and are used to view and calculate total 
volume and area of the reconstructed structure. 
In this study we used FIB/SEM to compare cells and synapses in layers 3 and 4 of the 
PVC. Prior studies have emphasized the importance of this technique in attaining high resolution 
images and sequential reconstructions in order to study nanometer structures such as synapses 
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and vesicles (Lichtman and Denk, 2011). In a study done by Buckmaster et al. (2016), data 
showed that the mitochondrial volume inside a bouton was directly related to its corresponding 
bouton volume, this means that the larger the bouton then the larger the mitochondria will be 
located in it. This could be due to the fact that ultrastructures are different for specificity of 
different circuits or that bigger cells use up more energy for rapid firing and therefore require 
more mitochondria. The study also showed a strong correlation between bouton volume and 
number of vesicles in which larger boutons contained a bigger quantity of vesicles (Buckmaster 
et al., 2016).  In another study, the FIB/SEM technique was used to acquire sections of the 
juvenile rat somatosensory cortex to study the size and shape of the synapses occurring within it. 
3-D reconstruction data showed that the mean synaptic apposition surface areas were smaller for 
asymmetric synapses than for symmetric synapses in all cortical layers of the somatosensory 
cortex (Santury et al., 2017).  
The aim of our study is to see if different types of pre-synaptic boutons contact different 
types of post-synaptic targets physically, as well as to see if these pre-synaptic boutons make 
different types of synapses depending on their size and how much do these synapses occupy 
from post-synaptic targets. We used previously traced pre-synaptic boutons to easily identify 
synapses that lead to post-synaptic targets. Understanding the physical characteristics between 
pre-synaptic and post-synaptic elements is important because it could influence the physiological 
processes in the visual cortex. For example, a recent study done on the somatosensory cortex to 
analyze the correlation between the size of the synapse and the strength of the synapse showed 
that bigger post synaptic densities correlated to a higher excitatory post synaptic potential 
(EPSP), (Holler, 2021). Therefore, by comparing characteristics of neurons in different regions 
of the same area, we can yield general rules for pre-synaptic and post-synaptic elements that can 
also upheld in other visual areas. We utilized adult ferrets because much of the organization in 
their visual cortex is already known and these characteristics can be compared to other mammals 
such as monkeys or cats.  
Materials/Methods: 
FIBSEM:    
 
Analysis was based on two cases; from each we analyzed samples of neuropil which is a 
region of tissue we derived from visual cortex, specifically upper and lower layer 4 and layer 3. 
Neuropil consists of mostly dendrites without the cell bodies and were picked so we could 
mainly focus on dendritic elements. All ferrets utilized in this study were female young adult 
ferrets.  Animals were euthanized with an intravenous overdose of pentobarbital and 
intracardially perfused with paraformaldehyde (DeFelipe et al., 2009). The brain was then 
extracted from the cranial cavity and the tissue was processed as described in (DeFelipe et al., 
2009). Tissue preparation was performed by the primary investigator and collaborators.  
 
The sample blocks were trimmed then mounted on a SEM sample holder using double-
sided carbon tape (EMS). Colloidal silver paint (EMS) was used to electrically ground the 
exposed edges of the tissue block. The entire surface of the specimen was then sputter coated 
with a thin layer of gold/palladium. The tissue was imaged using back scattered electron (BSE) 
mode in a FEI Helios Nanolab 650. Images were recorded after each round of ion beam milling 
using the SEM beam at 2.0 keV and 6.25-200 pA current with a working distance of 2.5 mm. 
Data acquisition occurred in an automated way using the Auto Slice and View G3 software. The 
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raw images were 4,096 x 2,048 px2, with 20-50 nm slices viewed at a -38 degree cross-sectional 
angle. Each raw image had a horizontal field width (HFW) of 10-15 µm with an XY pixel size of 
2-4 nm and 20-50 nm Z step size. These images were then aligned using the image processing 
programs in IMOD. (Kremer et al.,1996). Figure 5 panel A shows an electron micrograph of a 
region of interest in layer 3 of the PVC. Panel B shows a zoomed in version of panel A showing 
some features such as myelinated axons (blue arrows), apparent PSDs which appear as a dense 
lamina beneath the postsynaptic membrane in EM and contains many proteins and signaling 
molecules used in synapses (Dosemeci et al., 2016) (red arrows), multiple mitochondria (green 
arrows). 
   
Figure 5: Panel A) Electron micrograph of neuropil in upper layer 4 of primary visual cortex. Panel B) Enlarged image of a section 
in panel A (black box). Red arrows: PSDs, green arrows: mitochondria, and the blue arrows: myelinated axons. Scale Bars: Panel 
A) 1µm Panel B) 0.5µm  
 
Ultra-structural identification and 3-D reconstruction:   
 
 We used AMIRA (Thermo Fisher) software to analyze the ultrastructural characteristics 
of axons and synapses. The software works by uploading all individual sections of one file in a 
successive order. We then had to locate characteristics we need by eye and use the program to 
segment these characteristics (synapse, PSD, boutons, etc.). The software allows one to designate 
different colors and titles for different characteristics and to locate them after being voxelated. 
This means that we can trace different materials with different colors and save them in order to 
locate them later on. The voxel tool also allows one to retrace and delete parts of an image traced 
in error. We traced synapses only if we found the following components clearly, parallel 
membranes, cleft material, concentration of presynaptic vesicles, and a thin postsynaptic density 
(Gray, 1959). We then used AMIRA to perform 3-D reconstructions of neuronal and synaptic 
material. 3D models were attainable by using the segmentations we outlined to make sequence 
and generate the model. AMIRA is able to make 3-D reconstructions by using all the traced 2-D 
segmentations and combining them into a volume. After generating the 3-D reconstruction, it 
was easier to analyze the volume and area of our previously traced boutons and targets in full 
scale, meaning the entire material that was traced. Once applied it automatically calculates and 




Target cells were chosen based on these pre-identified boutons that were chosen randomly 
because they could be easily located and made a clear synapse that was distinguishable in the 
EM images. The boutons aided in finding synapses that led to targets. The conditions to trace a 
target cell were similar in that there had to be an apparent synapse on these post synaptic cells 
(targets) but targets did not have apparent vesicle clouds. Figure 6A shows parallel membranes, 
cleft material and a thin or thick postsynaptic density (PSD, light blue), which appeared to be a 
darker region than the surroundings. The red arrow on the right signifies the presynaptic cell and 
the green arrow on the right signifies a post-synaptic target (dendritic spine). The green arrow on 
the left signifies a presynaptic bouton with a dense vesicle cloud traced in orange while the red 
arrow on the left signifies a post synaptic target (dendritic spine). A postsynaptic shaft would 
have an apparent mitochondrion. In figure 6A, both synapses that were made were asymmetric 
because of the wide synaptic cleft that appears to be uneven. Asymmetric synapses are known to 
be excitatory. Inhibitory synapses are known to be symmetrical and appear as an even post-
synaptic density between two parallel membranes. Figure 6B shows another morphology of 
synapses (traced in blue) known as perforated synapses which are characterized by their 
morphology which appears as a discontinues post-synaptic density (Jones, 1993). They can be 
classified as excitatory if the post-synaptic density is uneven which is shown in figure 6B as 
well. Previous studies have shown that there is a loss of perforated synapses in patients with 
Alzheimer’s disease showing their importance in synaptic activity (Jones, 1993)       
                            
Figure 6A: A zoomed-in view of an electron micrograph of two presynaptic boutons synapsing onto different post-
synaptic dendrites. The green arrow to the right points to a post-synaptic spine. while the one on the left points 
towards a pre-synaptic bouton. Red arrow on the right points towards pre-synaptic bouton, while the one on the left 
points towards a post-synaptic spine. Yellow arrow shows a mitochondrion, and the orange tracings are of vesicle 
clouds. 6B shows a perforated synapse (blue) occurring onto a postsynaptic spine (yellow). Scale bar: A) 0.5um and B) 
0.2um      
 
Targets were identified based on previously traced post synaptic densities and pre-
synaptic boutons. Then they were traced through the stack until they disappeared. Figure 7, 
Images A-E shows traced segmentations from section 3-40 (3,7,33,37 &40) consecutively with 
the pre-synaptic bouton in red and the 4 targets traced in colors (T1: yellow, T2: green, T3: 
orange, T4: blue). In figure 7 A-E, the first target to appear is marked in yellow and the last is 
marked in blue. All targets were traced in this manner until we could no longer follow a post-







upper/lower layer 4 from. Pre-synaptic boutons and post-synaptic dendrites are shown so we 
could easily distinguish how many post-synaptic targets were contacting each pre-synaptic 
bouton. Image 7H shows a big cell body (Pink) that was in the reconstructions of lower layer 4. 
All boutons in lower layer 4 were reconstructed in purple while the post-synaptic dendrites were 
reconstructed in other colors. Some dendritic targets only appear as little colored blips because 
we could not trace them for a larger number of sections. In upper layer 4, 7F and layer 3, 7G, 
boutons were traced in multiple colors while the post-synaptic targets were designated a color of 
























































Figure 7 Panel A-E: Successive electron micrographs of a dendrite in lower layer 4. F-H: 3-D reconstructions of all cases. Panels 
A-E show successively traced individual micrographs of a pre-synaptic bouton synapsing on multiple post-synaptic targets, 
Bouton in red, PSD in light blue, and each target in a different color. Panels F-H show 3-D reconstructions obtained through 
volume rendering (3-D surface generations). Panel F shows the reconstruction for Layer 3. Panel G shows reconstructions for 
upper layer 4. Panel H shows reconstructions for lower layer 4, the big pink reconstruction is a cell body (red arrow). Scale Bar: 
A-E: 0.5 um, F-H: 2um. 
 
Figure 8 summarizes the process we took to trace and reconstruct profiles from all three 
cases. Panel A1-A6 shows two electron micrographs of one bouton (red arrow) where four 
targets were sequentially traced. The first row shows targets one and two (light green and dark 
green arrows) and the second row shows targets three and four (purple and blue arrows). These 
two micrographs were separated by 30 sections. All four targets were post-synaptic to the same 
bouton (red). Panel B1-3 shows the reconstructions of these tracings from different angles to 
confirm that all four targets were post-synaptic to the same bouton (targets: circled or in oval). 
Panel B1-B2 shows the presynaptic bouton (purple) in different angles with apposed targets 1,2 
and 3 while B3 shows the bouton with target 4. The big pink figure is a cell body. The 
reconstructions B1-B3 that were made from the tracings A1-A6 were used to generate measures 
such as volume and surface areas of the post-synaptic target. We defined volume and surface 
area of post-synaptic targets as the portion spanning the sections traced from where the synapses 
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Figure 8: shows electron micrographs and reconstruction of axon 1- bouton 1 in the lower layer 4 case. Panel A: Two electron 
micrographs of axon1-bouton 1 that were sequentially traced for four post synaptic targets, bouton traced in red, targets 
traced in different colors, vesicle clouds traced in orange and PSDs traced in light blue. Panel B: reconstructions derived from 
the above electron micrographs. The presynaptic bouton is in purple surrounded by four targets from different angles. Panel 
B1 and B2 show targets 1-3, Panel B3 shows target 4 (all targets circled or in oval). The green material is the mitochondria 
within the boutons, the light blue region is the PSD and the red blob inside the bouton is the vesicle cloud. Note: The region 
in the square in B2 and B3 is another bouton on the same axon. Scale Bar: A1-A6: 0.2um, B1-B2: 0.5um and B3: 0.2um 
Results: 
Table 1 summarizes all of the profiles we studied. We characterized the post-synaptic targets 
of previously characterized pre-synaptic boutons. In lower layer four, a total of 22 previously 
traced boutons were identified, we then were able to identify 34 corresponding post synaptic 
targets, of these 34 targets most were spines (25) and only 9 were shafts. We observed the same 
pattern in the other two cases; there were more synapses on dendritic spines than shafts. In upper 
layer 4, there was a total of 34 previously traced boutons, we were able to identify 39 
corresponding post synaptic targets, 29 of which were spines and 10 of which were shafts. In 
layer 3, there was a total of 30 previously traced boutons, we were able to identify 33 
corresponding targets, 29 of which were spines and 4 of which were shafts. Another trend that 
upheld in all three cases was that there were more asymmetric (excitatory) synapses than 
perforated or symmetric synapses. In lower layer 4, we reconstructed 19 asymmetric synapses 
and 14 perforated synapses. Upper layer 4 had 21 asymmetric synapses, 12 perforated synapses 
and 6 symmetric synapses. Lastly layer 3 had 19 asymmetric synapses, 13 perforated synapses 
and only 1 symmetric synapse.  
Layer: Boutons Targets Asymmetric Symmetric Perforated Spines Shafts 
Layer 
3 
30 33 19 1 13 29 4 
Upper 
Layer 4 
34 39 21 6 12 29 10 
Lower 
Layer 4 
22 34 19 0 15 25  9 
Table 1 shows a summary of the data attained from the tracings.  
 Figure 9 shows the frequency distribution of the previously identified bouton volumes 
and their apposed post-synaptic target volumes per case. The medians of bouton volumes in each 
case were 0.32 µm³ in layer 3, 0.45 µm³ in upper layer 4 and increased in lower layer 4 to 1.02 
µm³.  In all three profiles most bouton volumes were less than 1µm³ with only 2 boutons that 
were more than 2 µm³ in the case of layer 3. Target volumes usually ranged below 0.4µm³ in all 
cases; targets were much smaller than their respective boutons with only a few cases where the 
target volume was above 2-3 µm³. The median of target volumes in layer 3 was much bigger 
than in upper and lower layer 4. Layer 3 had a median target volume value of 0.20 µm³, while 




Figure 9 A, B and C: Frequency histogram of bouton volumes. Panel A) n=30 B) n=34 C) n=22. D, E and F: Frequency 
histogram of target volumes. Panel D) n=33 E) n=39 F) n=34  
We first compared PSD volumes in all three cases. Figure10A shows the largest PSD 
volumes were in upper layer 4 and layer 3. Upper layer 4 and layer 3 PSDs median were 0.0099 
µm³ and 0.011µm³ while that of lower layer 4 was 0.00665 µm³ (P=0.0045). Figure 10B shows 
the PSD surface areas overlapped in upper and lower layer 4 significantly more than in layer 3 
(P=0.00118), medians of each layer being (Layer 3:0.32 µm³, upper layer 4: 0.22 µm³, lower 
layer 4: 0.21 µm³). Figure 10C, is a comparison of post-synaptic target volumes in all three 
cases. The graph shows evident overlap between upper and lower layer 4 with most target 












































































































(P=0.00037) (Medians: layer 3:0.2 µm³, upper layer 4:0.063 µm³, lower layer 4:0.098 µm³). 
Figure 10D shows a comparison of the average cross-sectional area of the targets. The average 
cross-sectional area was calculated by dividing the target volume by the number of sections 
traced multiplied by the thickness of the sections. The overlap in average cross-sectional areas 
in10D was between values of lower and upper layer 4 whereas the values of layer 3 were seen to 
be significantly bigger (P=0.0001). Overall upper and lower layer 4 were similar in target 
volume and cross-sectional area as well as PSD surface area. All statistical comparisons were 
made using the Kruskal-Wallis test. 
Figure 10: Synapse and target sizes in layer 3 and 4 of primary visual cortex. A) PSD volume B) PSD surface area C) 
Apposed post-synaptic target volume D) Apposed post-synaptic Average Cross-sectional area. Medians indicated 
by black lines. 
 Since we had traced some post-synaptic targets depending on when they disappeared in 
the stack, this led to some targets being traced for more sections than other targets, especially if 
they were dendritic shafts. Therefore, in order to get a more accurate measurement, we first 
corrected to only measure 30-45 sections that were traced for the shaft as well as we calculated 
the average cross-sectional area of each target independently. All measurements in figure 10 are 




The data of the uncorrected volumes show that the volume of the post-synaptic targets 
did not vary with spines depending on the number of sections traced but it did vary with shafts. 
Figure 11 A-C show that there was no correlation between the post-synaptic spine volume and 
how many sections they were traced but show a correlation between post-synaptic shaft volume 
and how many sections they were traced. This is because dendritic shafts are much bigger than 
spines and could be traced for more sections.  
Figure 11A-C: Apposed post-synaptic target volume depending on the number of sections traced (Blue: dendritic 










































































































































































































 To further assure the accuracy and reliability of our measurements, we compared 
measurements of PSD surface areas by two observers. We calculated the PSD surface area 
opposed to the target by measuring the thickness of each PSD three times and dividing the 
average thickness from the corresponding PSD volume.  The synapse areas calculated 
corresponded to the same PSDs, therefore we expected a high R square value to confirm that 
measurements were accurately taken. Figure 11 panels D, E and F show that the values taken 
were both similar but for this, we will be using observer one data. Major discrepancies only 
occurred in cases when observer two did not measure thickness of symmetric synapse. 
                    
           
          



























































































































and C show scatter plots of PSD volumes and their corresponding bouton volumes. Panels D, E and F show scatter 
plots of PSD volumes and their opposed post-synaptic targets 
We then examined whether there was a significant correlation between pre-synaptic and 
post-synaptic characteristics. We first wanted to see if pre-synaptic bouton volume correlated 
with their respective PSDs volumes. Figure 12A, B and C show that bigger boutons did not make 
bigger synapses in both layer 3 and 4. Layer 3 having the highest R2 value of 0.04. We then 
tested to see if apposed post-synaptic target volumes correlated with the same apposed PSD 
volumes. Figure 12D, E and F show that bigger post-synaptic targets also did not correlate with 
bigger PSDs. Overall, bigger boutons and bigger post-synaptic dendrites did not have bigger 
synapses. 
We then compared bouton volumes to their corresponding target volumes. It is known 
that bigger boutons are more likely to make more synapses and targets are more likely to receive 
synapses if they are bigger and are able to contact more boutons. This is why we think that a 
larger bouton volume will correlate to a bigger post-synaptic volume. Figure 13 A, B and C 
showed no significant correlation, meaning that bigger boutons did not make synapses on bigger 
post-synaptic targets (spines or shafts). Last correlation was between bouton volume and the 
apposed average cross-sectional area of targets. Figure 13D, F and F showed no significant 
relationship as well. Bigger boutons also did not correlate with the post-synaptic target average 
cross-sectional area (spines or shafts). Lower layer 4 had a much higher R2 value than both upper 
layer 4 and layer 3 (L3:0.00002, UL4:0.01, LL4:0.06). In summary, bigger boutons were not 
correlated with bigger synapses as well as bigger synapses were not correlated with bigger post-










Figure 13: Correlation graphs between presynaptic bouton volume and their apposed post-synaptic target volumes 
and average-cross sectional areas. Panels A, B and C show scatter plots of pre-synaptic bouton volumes and their 
apposed target volumes (dendritic shafts: empty circles, spines: orange circles). Panels D, E and F show scatter 



















































































































































































































































We then analyzed how much of the post-synaptic target neurons were occupied by synapses 
(percent occupancy). Percent occupancy was calculated by dividing PSD surface area by post-
synaptic target surface area. We calculated the PSD surface area apposed to the target by 
measuring the thickness of each PSD at three different locations. We then took the average of 
these thicknesses and divided the PSD volume by the average thickness. Figure 14 shows 
histograms of the percent occupancy in layer 3 and lower layer 4. The percent occupancy in layer 
4 was much less than in layer 3 with most PSDs occupying less than 10% of the area of their 
post-synaptic targets. In layer 3 most targets occupied between 10-20% of their post-synaptic 
targets. In only one case (in layer 3) the PSD occupied more than 50% of the target, but this 
could be due to the fact that the apposing target was only traced for a small number of sections as 
well as was considerably small in size; this case was a dendritic spine. Since PSD surface area 
and target volume in lower layer 4 and upper layer 4 were very similar, we can also conclude 
that the synapse occupancy of synapses on post-synaptic targets of upper layer 4 also range less 
than 10%. 
Figure 14, Distribution of PSDs and their apposing target surface area occupancies. Panel A) n=33; Panel B) n=34 
 Table 2 shows a summary of all the significance and correlation values of our previous 
analyzation. Synaptic elements that were compared between upper layer 4 and lower layer 4 and 
layer 3 were signified using the Kruskal-Wallis test. For all correlation comparisons between 

































































Table 2: Summary of 1) significance values of the comparison of synaptic elements between different layers, 2) 
correlation values between the post-synaptic target size and sections traced, 3) correlation of synaptic elements 
between two different observers, 4) correlation values between synaptic elements within different layers. 
Discussion:  
 Overall, our study shows that there were more asymmetric excitatory synapses in all three 
layers as well as more signaling occurring on dendritic spines than on dendritic shafts. Boutons 
usually synapsed on spines more than they did on the dendritic body. This is a phenomenon that 
has also been cited before where boutons tend to synapse onto dendritic spines increasingly more 
than they do on dendritic shafts which are said to be normally devoid of excitatory input even 
though they still do get some input (Schuz & Dortenmann, 1987). It was also known that 
excitatory (asymmetric) synapses account for 80% of the whole cortical neuronal population 
while inhibitory (symmetric) synapses account for the remaining 20% (Hasenstaub et al., 2005; 
Ikrar et al., 2012). 
 Results also showed that pre-synaptic boutons were usually bigger than their apposing 
post-synaptic spines and shafts in all three cases, this could be because a bigger volume and 
surface area of a bouton allows for more signaling to multiple small protrusions simultaneously. 
This is noted since postsynaptic responses to individual synapses are small, therefore there is a 
need to integrate many synaptic responses in order to depolarize the post-synaptic cell to reach 
and action potential and convey the signal (Gulledge et al., 2005). Further analysis showed that 
lower layer 4 was shown to have the biggest boutons but surprisingly the smallest PSD volumes. 
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Upper layer 4 was shown to have the smallest target volumes and lastly layer 3 had the biggest 
target volumes. Our histograms also showed that upper and lower layer 4 had much similar 
morphological quantitative characteristics than layer 3. This is mainly due to the fact that they 
are in the same layer and receive input from the same location. Bouton volumes ranged from 
0.05-1.6µm3 with only three cases above 1.6µm3. Post-synaptic target volumes ranged from 0.01-
0.35µm3 with most post-synaptic target volumes below 0.04µm3. Similarly, this was also seen in 
a study done on layer 2/3 of the rat visual cortex where measurements of spine head volume 
ranged from 0.01-0.3µm3 with 75 percent of spine heads has a head volume of less than 0.1µm3, 
as well as total spine volume (spine head and neck) ranged from 0.01-0.38 µm3 (Arellano et al., 
2007). To add on, PSD surface area values ranged from 0.1-4.0µm2 in our study with more than 
75 percent of the PSD surface area values below 0.4µm2. In another study done on the rat visual 
cortex, PSD surface area values ranged from 0.01-0.33 (Arellano et al., 2007). The only two 
cases we had of PSD surface area values being high were approximately at 4µm2 and 1µm2, but 
this could mainly be because they were on dendritic shafts and needed to be larger to integrate a 
bigger synaptic response. 
After comparing elements in different layers, we compared presynaptic and postsynaptic 
elements within each layer. Our correlation analysis showed that there were no significant 
morphological relationships between elements of presynaptic boutons and their apposed post-
synaptic targets. PSD volumes did not correlate with bouton volumes or target volumes in all 
three layers. Simply, bigger PSDs did not have bigger boutons or targets. In a study done 
between dendritic spines and cores of PSDs from the stratum radiatum of area CA1 of the 
hippocampal in mice, it was seen that there was no consistent correlation between spine volume 
and PSD surface area or PSD-core volume (which was measured by outlining dark, electron 
dense area on each section containing a PSD, similar to how we measured PSD volume), the 
study also claimed that these are modified and tightened during synaptic plasticity (Borczyk et 
al., 2019). However, in another study done on the rat hippocampal pyramidal neurons, results 
showed a statistical correlation between dendritic spine head volume and the area of the PSD 
(Harris and Stevens, 1989), this correlation was also seen in another study done to access 
correlation between synaptic and spine morphologies in layer 2/3 of the mouse visual cortex on 
pyramidal neurons (Arellano et al., 2007). 
 In addition, there was no correlation between volumes or average cross-sectional area between 
pre-synaptic boutons and their apposed post-synaptic targets. Bigger bouton volumes did not 
correspond to bigger target volumes. However, pre-synaptic and post-synaptic ultrastructures are 
known to correlate physiologically, in a recent study it was shown that bigger synapses 
correlated to stronger EPSPs (excitatory post-synaptic potentials) (Holler et al., 2021). In another 
study it was shown that bigger boutons that corresponded with more release sites showed larger 
outputs that depleted slower than smaller boutons. This inferred that larger boutons were better 
suited for longer periods of synaptic activity while smaller ones with less release sites were 
better suited for short periods of synaptic activity (Knodel et al., 2014). In another study 
performed to see how post-synaptic spine size and PSD size correlate, the PSD was represented 
by two of its proteins, PSD-95 and Homer1c and the spines were enlarged. Results showed that 
enlargement of the spines caused the Homer1c protein to increase rapidly while the PSD-95 
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protein increased with a delay only when there was a persistent spine enlargement. If this spine 
enlargement was not persistent, the protein levels did not change at all (Meyer et al., 2014). 
Lastly, how much synapses occupied of post-synaptic targets varied between layer 3 and 
lower layer 4. Since target volume and PSD surface area of lower layer 4 and upper layer 4 were 
similar, we concluded that how much a synapse occupied of the post-synaptic target was also 
similar in lower and upper layer 4. We calculated surface area of the synapse by taking the 
average PSD thickness at different locations of the PSD and dividing the PSD volume by the 
average thickness. Our PSD thickness measurements ranged between 30-65nm where the larger 
PSD thicknesses were usually PSDs on dendritic shafts, similarly in a study done on the 
hippocampal CA1 neurons of rats, thickness of PSDs ranged from 30-40nm (Tao-Cheng, 2019). 
PSDs in lower layer four occupied a less surface area of their apposed targets than those in layer 
3. While those in layer 3 usually occupied 10-20 percent of their apposed targets, lower layer 4 
PSDs occupied usually less than 10 percent of their apposed targets. Since PSD surface area and 
post-synaptic target volume of lower layer 4 and upper layer 4 were very similar, we concluded 
that synapse occupancy in upper layer 4 also ranged less than 10 percent. 
 This difference in synapses occupying more space on post-synaptic targets in layer 3 
than layer 4 could be due to our previous analysis which showed a significant difference 
(p=0.00118) in PSD surface area values between layer 3 and layer 4. Layer 3 having bigger PSD 
surface area values than those of upper and lower layer 4 is most likely the main reason for this 
variability. This is most likely the case also because the surface area of the post-synaptic targets 
of layer 3 and lower layer 4 were very similar with the medians of layer 3 being 2.9µm2 and 
lower layer 4 being 2.7µm2. Physiologically, a smaller synapse occupancy could mean that the 
strength of these synapses is not as strong as synapses in layer 3 or that the number of vesicle 
release is smaller in layer 4 and requires less percent occupancy to be released and bind to post-
synaptic receptors. Overall, these results show that morphological characteristics of elements in 
the PVC do not correlate with each other as well as there are differences between physical 
characteristics in layers of the same visual area. 
 Since there were no correlations between the presynaptic and postsynaptic elements that 
we quantified morphologically, future experimentation could focus on these elements 
physiologically as well as other morphological elements within them. We could test to confirm 
the theory if bigger boutons correlate to higher excitatory post synaptic potentials. Also, since we 
only measured PSD thickness, we can measure PSD length to see if PSDs occupying a longer 
portion of the postsynaptic target correlate to stronger synapses. We can also trace mitochondria 
in presynaptic and postsynaptic materials to see if the number of mitochondria or mitochondrion 
volume correlate to a bigger bouton or a stronger synapse, it has been noted before that 
mitochondrial volume inside a bouton directly correlated to its corresponding bouton volume 
(Buckmaster et al., 2016), but we can also analyze if a bigger mitochondrial volume also 
correlates to a bigger dendritic shaft. It has also been stated the bigger boutons have a larger 
number of vesicles, in a study done on the hippocampal area CA1 in mice smaller boutons had a 
pool of 200 vesicles, medium sized boutons had a pool of 450 vesicles and large boutons had a 
pool of more than 1000 vesicles (Harris and Sultan, 1995). Therefore, we could further 
investigate if this is also true in pre-synaptic boutons of neurons in the visual system. 
23 
 
   References   
Anderson, J., Binzegger, T., Martin, K., & Rockland, K. (1998). The connection from cortical area V1 to V5: 
a light and electron microscopic study. The Journal of neuroscience, 18(24), 10525–10540.  
Arall M., Romeo A., & Super H., (2012) Role of Feedforward and Feedback projections in Figure-Ground 
Responses, visual cortex- current status and perspectives. 
Arellano, J. I., Benavides-Piccione, R., Defelipe, J., & Yuste, R. (2007). Ultrastructure of dendritic spines: 
correlation between synaptic and spine morphologies. Frontiers in neuroscience, 1(1), 131–143.  
Buckmaster, P., Yamawaki, R., & Thind, K. (2016). More docked vesicles and larger active zones at basket 
cell-to-granule cell synapses in a rat model of temporal lobe epilepsy. The Journal of neuroscience, 
36(11), 3295–3308. 
 
Borczyk, M., Śliwińska, M. A., Caly, A., Bernas, T., & Radwanska, K. (2019). Neuronal plasticity affects 
correlation between the size of dendritic spine and its postsynaptic density. Scientific reports, 9(1), 
1693.  
 
Cantone, G., Xiao, J., McFarlane, N., & Levitt, J. B. (2005). Feedback connections to ferret striate cortex: 
direct evidence for visuotopic convergence of feedback inputs. The Journal of comparative 
neurology, 487(3), 312–331 
Celesia GG., & DeMarco PJ (1994). Anatomy and physiology of the visual system. J Clin Neurophysiol. (5): 
482-92.  
 
Clemens, J. M., Ritter, N. J., Roy, A., Miller, J. M., & Van Hooser, S. D. (2012). The laminar development 
of direction selectivity in ferret visual cortex. The Journal of neuroscience, 32(50), 18177–18185. 
 
Dosemeci A., Weinberg J., Reese S., & Tao-Cheng J. (2016). The Postsynaptic Density: There Is More than 
Meets the Eye. Frontiers in Synaptic Neuroscience. (8), 23  
  
Felleman D. J., Van Essen D. C. (1991). Distributed hierarchical processing in the primate cerebral 
cortex. Cereb. Cortex 1, 1–47 
García-Lopez P., García-Marín V, Freire M (2007) The discovery of dendritic spines by Cajal in 1888 and 
its relevance in the present neuroscience. Prog Neurobiol, 83: 110–130 
Garcia-Marin V., Ahmed, T., Afzal, Y., & Hawken, M. (2013). Distribution of vesicular glutamate 
transporter 2 (VGluT2) in the primary visual cortex of the macaque and human. The Journal of 
comparative neurology, 521(1), 130–151.  
 
Gray E. (1959). Axo-somatic and axo-dendritic synapses of the cerebral cortex: an electron microscope 
study. Journal of anatomy, 93(Pt 4), 420–433. 
 
Gulledge, A. T., Kampa, B. M., & Stuart, G. J. (2005). Synaptic integration in dendritic trees. Journal of 




Harris K. M., Stevens J. K. (1989). Dendritic spines of CA1 pyramidal cells in the rat hippocampus: serial 
electron microscopy with reference to their biophysical characteristics. J. Neurosci. 9, 2982–2997 
 
Harris, K. M., & Sultan, P. (1995). Variation in the number, location and size of synaptic vesicles provides 
an anatomical basis for the nonuniform probability of release at hippocampal CA1 synapses. 
Neuropharmacology, 34(11), 1387–1395. 
 
Hasenstaub A., Shu Y., Haider B., Kraushaar U., Duque A., & McCormick DA (2005). Inhibitory 
postsynaptic potentials carry synchronized frequency information in active cortical 
networks. Neuron 47, 423–435. 
 
Holler, S., Köstinger, G., Martin, K., Schuhknecht, G., & Stratford, K. J. (2021). Structure and function of a 
neocortical synapse. Nature. 591(7848), 111–116. 
Hubel D. H., & Wiesel T. N. (1962). Receptive fields, binocular interaction and functional architecture in 
the cat's visual cortex. J. Physiol. 160, 106–154 
Ikrar T., Shi Y., Velasquez T., Goulding M., & Xu X. (2012). Cell‐type specific regulation of cortical 
excitability through the allatostatin receptor system. Front Neural Circuits 6, 2. 
 
Jones D. G. (1993). Synaptic plasticity and perforated synapses: their relevance for an understanding of 
abnormal synaptic organization. APMIS. Supplementum, 40, 25–34. 
 
Knodel, M., & Geiger L., & Bucher, D., &Grillo, A.,& Wittum, G., & Schuster, C. M., & Queisser, G. (2014). 
Synaptic bouton properties are tuned to best fit the prevailing firing pattern. Frontiers in computational 
neuroscience, 8, 101.  
 
Kremer, J.R., Mastronarde D.N,. & McIntosh J.R. (1996) Computer visualization of three-dimensional 
image data using IMOD J. Struct. Biol. 116:71-76. 
 
Lichtman, J., & Denk, W. (2011). The big and the small: challenges of imaging the brain's 
circuits. Science, 334(6056), 618–623.  
 
Lu, S., & Lin, R. (1993). Thalamic afferents of the rat barrel cortex: a light- and electron-microscopic 
study using Phaseolus vulgaris leucoagglutinin as an anterograde tracer. Somatosensory & motor 
research, 10(1), 1–16.  
 
Manassi, M., Sayim, B., & Herzog, M. H. (2013). When crowding of crowding leads to uncrowding. J. Vis. 
13:10. 
 
Merchán-Pérez, A., Rodriguez, J. R., Alonso-Nanclares, L., Schertel, A., & Defelipe, J. (2009). Counting 
synapses using FIB/SEM microscopy: A true revolution for ultrastructural volume 
reconstruction. Frontiers in neuroanatomy, 3, 18.  
 
Meyer, D., Bonhoeffer, T., & Scheuss, V. (2014). Balance and stability of synaptic structures during 




Nahmani, M., & Erisir, A. (2005). VGluT2 immunochemistry identifies thalamocortical terminals in layer 4 
of adult and developing visual cortex. The Journal of comparative neurology, 484(4), 458-473. 
Remington L., (2012) Clinical Anatomy and Physiology of the Visual System (Third Edition), Chapter 13, 
Visual Pathway 2012, Pages 233-252.   
 
Rockland, K. S., & Virga, A. (1989). Terminal arbors of individual "feedback" axons projecting from area 
V2 to V1 in the macaque monkey: a study using immunohistochemistry of anterogradely transported 
Phaseolus vulgaris-leucoagglutinin. The Journal of comparative neurology, 285(1), 54–72. 
Schmolesky M.(2005). The Primary Visual Cortex. The Organization of the Retina and Visual System. 
University of Utah Health Sciences Center. Figure 13. 
 
Santuy, A., Rodríguez, J. R., DeFelipe, J., & Merchán-Pérez, A. (2018). Study of the Size and Shape of 
Synapses in the Juvenile Rat Somatosensory Cortex with 3D Electron Microscopy. eNeuro, 5(1), 0377-
17.2017.  
 
Schuz A., Dortenmann, M. (1987). Synaptic density on non-spiny dendrites in the cerebral cortex of the 
house mouse. A phosphotungstic acid study. J Hirnforsch, 28:633–639. 
 
Südhof, T., & Malenka, R. (2008). Understanding synapses: past, present, and future. Neuron, 60(3), 
469–476.  
 
Tao-Cheng J. H. (2019). Stimulation induces gradual increases in the thickness and curvature of 
postsynaptic density of hippocampal CA1 neurons in slice cultures. Molecular brain, 12(1), 44.  
 
Zhuang, J., Stoelzel, C. R., & Bereshpolova, Y., Huff, J. M., Hei, X., Alonso, J. M., & Swadlow, H. A. (2013). 
Layer 4 in primary visual cortex of the awake rabbit: contrasting properties of simple cells and putative 
feedforward inhibitory interneurons. The Journal of neuroscience, 33(28), 11372–11389.  
 
